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E-mail address: likai@imech.ac.cn (K. Li).In present study, effect of interfacial heat transfer with ambient gas on the onset of oscillatory convection
in a liquid bridge of large Prandtl number on the ground is systematically investigated by the method of
linear stability analyses. With both the constant and linear ambient air temperature distributions, the
numerical results show that the interfacial heat transfer modiﬁes the free-surface temperature distribu-
tion directly and then induces a steeper temperature gradient on the middle part of the free surface,
which may destabilize the convection. On the other hand, the interfacial heat transfer restrains the tem-
perature disturbances on the free surface, which may stabilize the convection. The two coupling effects
result in a complex dependence of the stability property on the Biot number. Effects of melt free-surface
deformation on the critical conditions of the oscillatory convection were also investigated. Moreover, to
better understand the mechanism of the instabilities, rates of kinetic energy change and ‘‘thermal” energy
change of the critical disturbances were investigated
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Floating-zone (FZ) technique is a crucible-free process for the
growth of high quality single crystal, which the melt zone is con-
ﬁned by the surface tension of melt free surface. However, the
diameter of the grown crystal is limited under the terrestrial con-
dition due to easy breakage of the melt zone induced by gravity.
The essential reason to go to space for melt growth of single crys-
tals lies in a promise that a substantial reduction of gravity level
achieved in spacecraft may result in a quiescent melt pool, thereby
allowing a diffusion-controlled growth condition to be realized.
Moreover, the microgravity environment provides the possibility
of growing large size crystal by the FZ technique. However, exper-
imental facts revealed that during the FZ process in microgravity,
thermocapillary ﬂow driven by the surface tension gradient of
the melt free surface, depending on such factors like temperature,
solutal concentration, electric potential etc., occurs in the melt
zone even when the buoyancy-driven ﬂow is greatly reduced.
The thermocapillary ﬂow may be oscillatory when the Reynolds
number exceeds certain critical value and responsible for striations
in crystals grown in space [1]. Therefore, numerous experimenta-
tions and analytical studies (linear instability analyses and direct
numerical simulations) have been devoted to the oscillatory ther-ll rights reserved.
: +86 10 82544096.mocapillary ﬂows in liquid bridge model (see Fig. 1) mimicking
the half of FZ for the sake of simplicity during the last decades.
It is now well established that a steady axisymmetric (2D) ther-
mocapillary ﬂow loses its stability ﬁrst to a steady asymmetric (3D
ﬂow and then to an oscillatory ﬂow in liquid bridges of low Prandtl
numbers ðPr 6 0:06Þ while it losses its stability directly to an oscil-
latory ﬂow (3D) in those of large Pr numbers [2]. On the other
hand, the corresponding critical conditions determined through
the analytical studies can not agree well with the experimental re-
sults in quantity, especially for high Pr number ﬂuids. It is noted
that most of the analytical studies on the liquid bridge were carried
out with an adiabatic melt free surface assumption, i.e., there is no
heat transfer across the melt free surface. In practice, interfacial
heat transfer in the experimentations, especially under high tem-
perature conditions, may play an important role in the ﬂow
dynamics (for example, see [3–8]). Kamotani et al. [3] studied
the effect of interfacial heat loss in liquid bridges of high Pr ﬂuids
considering the ambient air ﬂow. They calculated the average
interfacial heat transfer rate (indicated non-dimensionally as aver-
age Biot number in their notation), and found that the critical con-
ditions decrease with the increased heat loss when the average
Biot number is less than 1.5. Melnikov and Shevtsova [7] numeri-
cally investigated the effect of interfacial heat transfer on the ther-
mocapillary ﬂow in a liquid bridge of Pr = 14 with aspect ratio
equal 1.8 under normal gravity condition, and the ambient air tem-
perature was assumed to equal the cold rod temperature. They
found that the heat loss leads to destabilization of the ﬂow at small
Nomenclature
A matrix in eigenvalue problem
B matrix in eigenvalue problem
B Buoyant effect
Dk mechanical dissipation
Dth thermal dissipation
Ek Kinetic energy of disturbances
Eth ‘‘thermal” energy of disturbances
g gravitational acceleration
g0 normal gravitational acceleration, 9.806 (kg m/s2)
h heat transfer coefﬁcient on free surface
h(z) free surface local radius
i
ﬃﬃﬃﬃﬃﬃﬃ
1
p
I interactive term in kinetic energy equation
Ji interactive term in ‘‘thermal” energy equation decom-
posed in cylindrical coordinates
k thermal conductivity coefﬁcient
L height of the liquid bridge
Mi work done by thermocapillary force decomposed in
cylindrical coordinates
~n the outward-directed normal vector of the free surface
Nz number of the grid points in axial direction
Nr number of the grid points in radial direction
R radius of the liquid bridge
|w|max maximal value of |w| on the free surface
s surface of the liquid bridge
S dimensionless stress tensor, r~U þ ðr~UÞT
T dimensionless time
~tz the unit vector tangent to the free surface in the (r, z)
plane
~tu the unit vector tangent to the free surface in the (r, u)
plane
T dimensionless temperature
T0 mean temperature of the upper and lower ends
Tamb dimensionless temperature of the ambient air
Tcold dimensionless temperature on the cold rod
~U dimensionless velocity vector, (u, v, w)
x vector composed of disturbance velocity, pressure and
temperature, (u0, iv0, w0, p0, T0)T
X the basic steady axisymmetric state, f~Uðr; zÞ ¼
U~er þW~ez; Pðr; zÞ; Tðr; zÞg
(r, h, z) cylindrical coordinates
V0 the liquid volume with cylindrical shape
Greek symbols
a thermal diffusivity coefﬁcient
b thermal expansion coefﬁcient
DT applied temperature difference between two solid ends
c negative temperature gradient of surface tension
l dynamic viscosity coefﬁcient
t kinematic viscosity coefﬁcient
(n, g) coordinates in computational domain
|w|max maximal absolute value of the stream function
q0 mean density
r0 mean free surface tension
r(m) the complex growth rate of the corresponding perturba-
tion mode
l dynamic viscosity coefﬁcient
X volume domain occupied by the liquid bridge
r 
z 
R 
h(z) 
L 
Fig. 1. Scheme diagram of a liquid bridge.
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large Bi numbers (Bi 6 5). Similarly, Kousaka and Kawamura [5]
studied the thermocapillary ﬂow in a liquid bridge of Pr = 28.1 with
unitary aspect ratio under zero gravity condition, and a linear
ambient air temperature distribution was adopted. In their case,
in the range of small Bi numbers (Bi < 1), there is heat loss through
the free surface near the cold rod and heat gain near the hot rod,
and the destabilization of the thermocapillary ﬂow by the interfa-
cial heat transfer was also found. Recently, Wang et al. [8] studied
the situation with interfacial heat gain. They found that the critical
conditions are not signiﬁcantly affected by the interfacial heat gain,
and there is a big jump of the critical conditions when the interfa-
cial heat transfer is changed from heat gain to heat loss [3]. How-ever, the aforementioned results are fragmental due to the
computation task of 3D direct numerical simulation, and the de-
tailed dependency of the critical conditions on the interfacial heat
transfer is still lacking. On the other hand, to the end of the manip-
ulation of oscillatory thermocapillary ﬂow through varying the
interfacial heat exchange, extensive preliminary experimental
studies should be conducted on the ground due to the scarce space
experiment opportunity. Therefore, the effect of melt free-surface
deformation, which is usually ignored in previous studies such as
[7], should be taken into account.
In present study, linear stability analyses were conducted to
systematically investigate the dependency of the critical condi-
tions of oscillatory convection on the interfacial heat transfer un-
der normal gravity condition with both the constant and linear
ambient air temperature distributions (the studies on the corre-
sponding cases in the microgravity environment will be reported
elsewhere). Moreover, effects of melt free-surface deformation on
the critical conditions of oscillatory convection were investigated.2. Governing equations and numerical schemes
Fig. 1 shows the scheme diagram of the liquid bridge formed by
1cst oil considered in the present study. The length, velocity, pres-
sureand timeare scaledbyR, cDTl ,
cDT
R and
R2
t , respectively, and the tem-
perature measured with respect to T0 is scaled by DT. The Reynolds
number, Prandtl number,Grashof number, aspect ratio, Biot number
and static Bond number are deﬁned as follows, respectively,
Re ¼ cDTR
lt
; Pr ¼ t
a
; Gr ¼ gbDTR
3
t2
; C ¼ L
R
; Bi ¼ hR
k
;
Bo ¼ q0gR
2
r0
;
Table 1
Code validation.
Aspect
ratio
Contact angle at hot
rod: ah ()
Present code
Nr  Nz = 51  71
Reference
[9]
(a) Pr = 0.02, Re = 2000, g = 0
|w|max C = 1 40 8.62 8.42
140 25.04 24.67
C = 1.2 40 5.76 5.61
140 21.76 21.95
|w|max on free
surface
C = 1 40 190.59 188.61
140 182.05 182.95
C = 1.2 40 188.39 184.46
140 190.40 202.55
Contact angle at hot rod: ah
()
m Present code
Nr  Nz = 51  71
Reference
[14]
(b) Pr = 4, C = 1, g = 0, Bi = 0
30 1 1293 1350
50 1 1487 1470
2 1449 1445
90 2 996 1010
110 2 865 840
130 2 805 800
B. Xun et al. / International Journal of Heat and Mass Transfer 52 (2009) 4211–4220 4213where q0 ¼ 818 kg=m3, b ¼ 0:00129=K, t ¼ 106 m2=s, c ¼ 5:63
105 kg=s2, k ¼ 2:4 102 cal=msK, r0 ¼ 1:69 103 N=K. In the
cylindrical coordinate (r, h, z), the non-dimensional governing equa-
tions are as follows:
r  ~U ¼ 0 ð1Þ
o~U
ot
þ Re ~U  r
 
~U þrP ¼ D~U þ Gr
Re
Tez
! ð2Þ
oT
ot
þ Re ~U  r
 
T ¼ 1
Pr
DT ð3Þ
where ~U ¼ ðu;v;wÞ indicates the dimensionless velocity vector, P
the pressure, T the temperature and t the time. The corresponding
boundary conditions are as following:
z ¼ 0; C : ~U ¼ 0; T ¼ 1
2
ð4Þ
r ¼ hðzÞ : ~n  ~U ¼ 0; ~tz  ðS ~nÞ ¼ ~tz  rT
~tu  ðS ~nÞ ¼ ~tu  rT; ~n  rT ¼ BiðT  TambÞ
ð5Þ
where Tamb indicates the dimensionless ambient air temperature,
S ¼ r~U þ ðr~UÞT the stress tensor in non-dimensional form. The
vector ~n is the outward-directed normal vector of the free surface,
and the vectors~tz and~tu denote the unit vector tangent to the melt
free surface in the (r, z) plane and (r, h) plane, respectively.
Considering the asymptotic limit of capillary number,
Ca ¼ cDTr0 ! 0, the melt free surface shape is symmetric to the axis
of melt zone and the normal-stress balance can be approximated
by the Young–Laplace equation:
Ps ¼ r ~nþ Boz; ð6Þ
where Ps is the dimensionless static pressure. Before calculating the
ﬂow and temperature ﬁelds, the free surface shape h(z) is deter-
mined by Eq. (6) with the liquid bridge volume equal pR2L. As
shown in Fig. 1, if Bo = 0, the free surface shape is cylindrical with
h(z) = 1 as indicated by the dashed lines (hereafter, we use h(z) to
indicate the dimensionless local radius of the free surface without
confusion) while Bo– 0, the free surface is curved as indicated by
the solid lines. For the case with curved free surface shape, the
body-ﬁtted curvilinear coordinates are employed. The original
physical domain in the (r, z) plane occupied by the liquid bridge is
transformed into a rectangular computational domain in the (n, g)
plane by the transformation ðn ¼ rhðzÞ ;g ¼ zÞ. For the sake of brevity,
the details of the transformed equations in the curvilinear coordi-
nates (n, g), which is the same as the excellent work [9], are not
shown here.
For the linear stability analysis, the basic steady axisymmetric
state, X ¼ ~Uðr; zÞ ¼ U~er þW~ez; Pðr; zÞ; Tðr; zÞ
n o
, is ﬁrst determined
for a given set of parameters (Re, Pr, Bi and C), and then small
three-dimensional disturbances are added to the basic state and
linearized by neglecting high orders of disturbances [10–12]. The
disturbances are assumed to be in the normal mode:
~u0
p0
T 0
0
B@
1
CA ¼
Xþ1
m¼1
~u0mðr; zÞ
p0mðr; zÞ
T 0mðr; zÞ
0
B@
1
CA exp½rðmÞt þ jm/; ð7Þ
where the variables with prime denote the disturbances, m the azi-
muthal wave number, r(m) the complex growth rate of the corre-
sponding perturbation mode, and i ¼
ﬃﬃﬃﬃﬃﬃﬃ
1
p
. The discrete form of
the linearized equations can be written as a generalized eigenvalue
problem:
gðx;X;Re;m; Pr;C;BiÞ  Ax ¼ Bx; ð8Þ
where x = (u0, iv0, w0, p0, T0)T denotes a vector composed of
disturbance velocity, pressure and temperature. A is a real-valuednon-symmetric matrix, while B is a singular real-valued diagonal
matrix. The eigenvalues and related eigenfunctions of problem are
solved by the Arnoldi method [13]. The critical Reynolds number
Rec is obtained when the maximal real part of r(m) for all m is zero.
In order to well resolve the boundary layers at both ends, a non-
uniform grid with denser points near both solid ends and free sur-
face is adopted in this study. The grid we used in the calculation is
Nr  Nz = 81  141, where Nr and Nz indicate the number of the grid
points in radial and axial direction, respectively. Moreover, to val-
idate the present code under curved free surface situation, we
reproduced some calculations in the work [9,14] using their deﬁni-
tions of the dimensionless numbers, and the computed results
show good agreement (see Table 1).
Moreover, to better understand the mechanism of the instabil-
ities, rates of kinetic energy (Ek) change and ‘‘thermal” energy (Eth)
change of the critical disturbances were investigated in the follow-
ing way: the disturbance equations for momentum and tempera-
ture [10–12] were multiplied by the velocity and temperature
disturbances, respectively, and then integrated over the volume
of liquid bridge and normalized by the mechanical dissipation
(Dk) and thermal dissipation (Dth), respectively, thus the following
equations were obtained:
1
Dk
dEk
dt
¼ M1 þM2 þM3 þ Bþ I  1; ð9Þ
1
Dth
dEth
dt
¼ Q þ J1 þ J2  1: ð10Þ
where Ek ¼
R
X
~u02
2 dX, Eth ¼
R
X
T 02
2 dX, Dk ¼
R
X
S0 :S0
2 dX,
Dth ¼
R
X
rT 0 rT 0
Pr dX are the integrations over the volume of liquid
bridge (X), respectively, M ¼  1Dkt~u
0  rT 0 ds ¼ M1þ M2 þM3 ¼
 1Dktu
0 oT 0
or ds 1Dktv
0 oT 0
ou ds 1Dktw
0 oT 0
oz ds the integrations over the
surface of X denoting the work done by the thermocapillary force
induced by the temperature disturbance per unit time,
B ¼ GrRe
R
X w
0T 0 dX the work done by the buoyant force,
I ¼  Re2
R
X
~u0  S ~u0 dX the interactive term between the basic state
stress tensor and the velocity disturbance, Q ¼  BiPrtT 02 ds the
transport of ‘‘thermal” energy through the free surface,
and J ¼  ReDth
R
X
~u0  rTð ÞT 0 dX ¼ J1 þ J2 ¼  ReDth
R
Xðu0 oTorÞT 0 dX ReDthR
Xðw0 oTozÞT 0 dX the interactive terms between the basic state
temperature and the velocity and temperature disturbances.
Table 2
Rec versus Bi.
Bi Tamb = 0.5 Tamb = z/C  0.5
g = g0, Bo = 0 g = g0, Bo = 2.965 g = g0, Bo = 0 g = g0, Bo = 2.965
0 292 428 292 428
0.2 – – 275 452
0.3 270 386 – –
0.5 281 356 257 465
1.0 337 334 240 356
1.5 332 356 234 323
2.0 325 395 234 317
3.0 346 475 247 336
4.0 389 544 270 373
5.0 442 610 293 417
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3.1. Constant ambient air temperature distribution (Tamb = Tcold)
A liquid bridge model (see Fig. 1) formed by 1cst silicone oil
(Pr = 16) with C = 1.8 (L = 4.5 mm and R = 2.5 mm) is adopted in
this subsection. With the unitary volume ratio, V/V0 = 1.0, the free
surface is deformed under normal gravity with the maximum of
h(z) = 1.1713 and the minimum of h(z) = 0.8066. The ambient air
temperature is assumed to equal the temperature of the cold rod.
Therefore, the interfacial heat transfer is always heat loss from
the melt to the ambient air. Fig. 2 shows the dependency of Rec
upon Bi according to the computed results listed in Table 2, and
the corresponding neutral modes are all oscillatory convections
with the wave number (m = 1). The Rec proﬁle in the case of under
normal gravity condition (g = g0, Bo = 2.965) exhibits a convex
dependency upon the increasing heat loss. In the parameter range
studied, the Rec decreases with the increasing Bi up to Bi  1, and
this is followed by an approximately linear increase. Noted that
the interfacial heat loss starts to stabilize the convection at
Bi  2.5 compared to the corresponding adiabatic case. The iso-
therms and streamlines of the two-dimensional axisymmetric con-
vection at selected Rec are shown in Fig. 3. The thermal boundary
layer is developed in the neighbor region of the hot end while
the isotherms in the cold corner is compressed due to the concen-
trated streamlines induced by the shift of vortex core to the convex
part of the free surface. Note that all disturbances must satisfy the
no-slip boundary conditions at the solid ends, the magnitude of the
disturbances inside the boundary layers should be smaller than
those outside the boundary layer, and the part of the liquid bridge
with largest disturbances is the most unstable. Therefore, the sta-
bility property of the basic ﬂow is mainly determined by the ‘‘effec-
tive” temperature gradient on the middle part of the liquid bridge
[15]. From this point of view, it is useful to investigate the temper-
ature gradient at the middle part of the free surface. It is known
that the interfacial heat transfer modiﬁes the free-surface temper-
ature distribution directly and then the thermal and ﬂow ﬁelds. In0 0.5 1 1.5 2
200
250
300
350
400
450
500
550
600
650
R
e c
Fig. 2. Critical Reynolds number versus Bi for cases of Tamb = 0.5: (g = g0, Bo = 0) – diam
Bo = 2.965) when Biot number is set to zero in the perturbation equation (11) – trianglethe neighbor region of the melt free surface, the increasing interfa-
cial heat loss pulls up the isotherms near the cold end, and the
temperature gradient near the cold rod is smoothed while the tem-
perature gradient near the hot rod is enhanced. Moreover, the vor-
tex of the ﬂow distributes more homogeneously in the bulk region
of the liquid bridge. The net effect of the above modiﬁcations is
that the temperature gradient along most part of the melt free sur-
face gets steeper with increasing Bi (see Fig. 4a). Therefore, a lower
Rec may be required to destabilize the stationary convection with
increasing interfacial heat loss. On the other hand, according to
the perturbation equation of the melt free-surface heat transfer:
~n  rT 0 ¼ Bi T 0 on r ¼ hðzÞ; ð11Þ
whenever a positive temperature disturbance appears somewhere
on the melt free surface, it is accompanied by an increase of heat
loss through that part of the melt free surface, and vice versa. There-
fore, the interfacial heat transfer restrains the melt free-surface
temperature disturbances, especially at larger Bi. To verify the re-
marks, Fig. 2 also shows the numerical results that Bi in the pertur-
bation equation (11) is set to be zero. With the same basic ﬂow, the
interfacial heat transfer signiﬁcantly delays the onset of the oscilla-
tory convection, and the stabilization effect gets stronger with2.5 3 3.5 4 4.5 5
 Bi
ond points on solid line; (g = g0, Bo = 2.965)-triangle points on solid line and (g = g0,
points on the dotted line, respectively.
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Fig. 3. Isotherms and streamlines at the corresponding Rec for different Bi under
normal gravity condition for Tamb = 0.5, Bo = 2.965: (a) Bi = 0, Rec = 428; (b) Bi = 1,
Rec = 356; and (c) Bi = 4, Rec = 373.
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shown in Fig. 2 could be due to the competition of the aforemen-
tioned two mechanisms.
For a further investigation of the physics of the instabilities, the
normalized kinetic and ‘‘thermal” energy balances at selected Biare shown in Fig. 5a. For the ‘‘thermal” energy of the disturbance
ﬂow, the destabilizing effect (J1) is produced by the ampliﬁcation
of the high radial gradient of the basic thermal ﬁeld mainly oc-
curred in the bulk through the radial ﬂow disturbances. On the
other hand, in addition to the major stabilizing effect contributed
by the thermal diffusion (Dth), the stabilizing effects are produced
by the ampliﬁcation of the high axial gradient of the basic thermal
ﬁeld (J2) mainly occurred near the hot end and cold corner through
the axial ﬂow disturbances [14] and the transport of ‘‘thermal” en-
ergy through the free surface (Q), the only term directly involving
the effect of interfacial heat transfer. The kinetic energy is insignif-
icant for ﬂuids of high Pr number [14]. However, it is interesting to
note that the effect of buoyant force (B) always serves the destabi-
lization although the liquid bridge is heated from above. The rate of
change of ‘‘thermal” energy with the increasing interfacial heat loss
at Re = 428, the critical Reynolds number for the corresponding
adiabatic case, is shown in Fig. 5b. It can be seen that the destabi-
lizing effect (J1) overwhelms the major stabilizing effect of heat dif-
fusion (Dth) at small Bi, and it is overwhelmed by the heat diffusion
at large Bi. The general trend of the corresponding Rec proﬁle is
determined by the relative magnitude of (J1) to the thermal diffu-
sion (Dth). However, the details of the trend, such as the position of
the local minimum, are also contributed by (J2) at small Biwhile by
(Q) at large Bi.
To evaluate the effect of melt free-surface deformation on the
stability of the stationary convection, an artiﬁcial case of under
normal gravity condition but neglecting the melt free-surface
deformation (g = g0, Bo = 0) is studied. The numerical results show
that the vortex cores in the corresponding ﬂow ﬁelds shift to the
hot corner with the crowded streamlines (not shown), which are
quite different from those with deformed domain (see Fig. 3).
Noted that the temperature gradient at the middle part of the melt
free surface is ﬂattened by the convection with the boundary layers
formed at both the cold and hot ends where the temperature gra-
dient increases sharply (see Fig. 4b). The corresponding Rec proﬁle
roughly exhibits a similar tendency as the case of under normal
gravity, however, with much lower quantity (see Fig. 2). It reveals
the signiﬁcant stabilization effect on the stationary convection
through the modiﬁcations of the thermal and ﬂow ﬁelds due to
the free-surface deformation. The corresponding neutral mode
keeps (m = 1). On the other hand, the Rec proﬁle exhibits a local
maximum roughly at Bi = 1. Note that the temperature gradient
distribution along the free surface exhibits the similar conﬁgura-
tion in the middle part of the free surface except that it exhibits
undulation at the lower half of the free surface in the range of small
Bi (see Fig. 4b). The conﬁguration transition of the temperature
gradient distributions at Bi = 1 coincidently corresponds to appear-
ance of the local maximum of the Rec proﬁle. The details of the
relationship between the undulation of temperature gradient dis-
tribution and the sudden increasing stabilizing effect of the ﬂow
need further investigation. Similar to the case with the deformed
free surface, the energy analyses for current case show that the
destabilizing effect for the ‘‘thermal” energy of the disturbances
ﬂow is also produced by the radial energy transfer from the basic
thermal ﬁeld to the disturbance ﬂow (J1), and the main stabilizing
effects are contributed by the thermal diffusion (Dth) and the axial
energy transfer from the basic thermal ﬁeld to the disturbance ﬂow
(J2). Fig. 6 shows the rate of change of ‘‘thermal” energy as a func-
tion of Bi at Re = 292, the critical Reynolds number for the corre-
sponding adiabatic case. It can be seen that the destabilizing
effect (J1) generally exhibits a convex trend while it keeps nearly
constant in the range of Bi from 0.5 to 1.0. The stabilizing effect
(J2) also exhibits a concave trend with a local minimum at
Bi = 1.0. The coupling of the above contra-effects and the thermal
diffusion (Dth) results in local maximum suppressing of the insta-
bility at Bi = 1 in the rate of the ‘‘thermal” energy (Eth) change of
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Fig. 4. Temperature gradient distribution along the melt free surface at the corresponding Rec for Tamb = 0.5: (a) g = g0, Bo = 2.965; (b) g = g0, Bo = 0.
4216 B. Xun et al. / International Journal of Heat and Mass Transfer 52 (2009) 4211–4220the disturbance, which corresponds to the appearance of the local
maximum of the Rec proﬁle at Bi = 1.
3.2. Linear ambient air temperature distribution (Tamb = z/C  0.5)
In this section, the same liquid bridge model as that in Section
3.1 is adopted except that the ambient air temperature is assumed
to be linearly distributed along the axial direction [4,5]. Therefore,
it is heat-loss to the ambient air at the lower part of the free surface
while heat-gain from the ambient air at the upper part of the free
surface. With the increasing interfacial heat transfer, the isotherms
and streamlines of the two-dimensional axisymmetric convection
(not shown) at the corresponding Rec behave quite similarly to
the case with (Tamb = Tcold) (see Fig. 3), so does the temperature gra-
dient distribution on the middle part of the free surface (see Fig. 7),which gets steeper with the increasing Bi. On the other hand, the
temperature gradient at the lower part of the free surface in the
present case is increased compared with Fig. 4a at the same Bi,
the distributions of the ‘‘effective” temperature gradient, therefore,
behave more smoothly. Fig. 8 shows the dependency of Rec upon Bi
according to the computed results also listed in Table 2. Due to the
two coupling mechanisms mentioned in Section 3.1 (Fig. 8 also
shows the numerical results that Bi in the perturbation equation
(11) is set to be zero), the Rec proﬁle roughly exhibits a similar con-
vex tendency as the corresponding case with (Tamb = Tcold) except
the appearance of local maximum Rec in the range of small Bi. In
the parameter range studied, the wave number of the correspond-
ing neutral mode is also (m = 1). The normalized kinetic and ‘‘ther-
mal” energy balances at selected Bi are shown in Fig. 9a. In the
‘‘thermal” energy of the disturbances ﬂow, the energy transfer
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Fig. 5. Kinetic and thermal energy balance for cases of Tamb = 0.5 when g = g0, Bo = 2.965 (a) at the corresponding Rec and (b) at Re = 428.
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(J1) always serves as the destabilizing effect. Both the thermal dif-
fusion (Dth) and the effect involving the direct effect of interfacial
heat transfer (Q) serve as the stabilizing effect, while the latter is
much less important in the energy contribution. The energy trans-
fer from the basic thermal ﬁeld through the axial ﬂow disturbances
(J2) also behaves as the stabilizing effect until it reverses to serve as
the destabilizing effect at large Bi. The rate of change of ‘‘thermal”
energy with the increasing interfacial heat transfer at Re = 356, the
critical Reynolds number for the case (Bi = 1), is shown in Fig. 9b. Itcan be seen that in the range of small Bi, the stability property of
the stationary convection is determined by the contributions from
the destabilizing energy transfer (J1), the stabilizing energy transfer
(J2) and the thermal diffusion (Dth). The destabilizing energy trans-
fer (J1) overwhelms the heat diffusion (Q) and exhibits a local min-
imum around Bi = 0.5. On the other hand, the destabilizing energy
transfer (J2) nearly keeps constant until Bi = 0.5. The net effect of
the coupling stabilizing energy transfer and the destabilizing en-
ergy transfer results in local maximum suppressing of the instabil-
ity at Bi = 0.5 in the rate of the ‘‘thermal” energy (Eth) change of the
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Fig. 9. Kinetic and thermal energy balance for cases of Tamb is linear when g = g0, Bo = 2.965 (a) at the corresponding Rec and (b) at Re = 356.
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imum of the corresponding Rec proﬁle. Finally, the effect of melt
free-surface deformation on the stability of the stationary convec-
tion was brieﬂy studied as shown in Fig. 8. For the artiﬁcial case of
under normal gravity condition but neglecting the melt free-sur-
face deformation (g = g0, Bo = 0), the corresponding Rec proﬁle
exhibits a similar convex tendency as the case of under normal
gravity. Noted that the proﬁle does not exhibit any local maximum
in the parameter range studied. The computed results also reveal
the signiﬁcant stabilization effect on the stationary convection
through the modiﬁcations of the thermal and ﬂow ﬁelds due to
the free-surface deformation.
4. Conclusions
In the present paper, effect of interfacial heat transfer on the on-
set of oscillatory convection in liquid bridges formed by 1cst sili-
cone oil on the ground is systematically studied in an extended
range of Bi. With both the constant and linear ambient air temper-
ature distributions, the numerical results show that the interfacial
heat transfer modiﬁes the free-surface temperature distribution di-
rectly and then induces a steeper temperature gradient on the mid-
dle part of the free surface, which may destabilize the convection.
On the other hand, the interfacial heat transfer restrains the tem-
perature disturbances on the free surface, which may stabilize
the convection. The two coupling effects result in a complex
dependence of the stability property on the Biot number, and theappearance of the local maximum of the Rec proﬁle closely relates
to the ambient temperature distribution. Moreover, the computed
results reveal that the effect of free-surface deformation serves a
signiﬁcant stabilization on the two-dimensional axisymmetric sta-
tionary convection. To better understand the mechanism of the
instabilities, rates of kinetic energy change and ‘‘thermal” energy
change of the critical disturbances were also investigated. The
‘‘thermal” energy of the disturbances, which is important in liquid
bridges of large Prandtl number, is mainly produced by the interac-
tion between the basic thermal ﬁeld and the ﬂow disturbances and
the thermal diffusion (Dth). The net work of the coupling effects
above determines the stability property of the oscillatory
convection.
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